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I 
The t h e o r y  o f  i r r e v e r s i b l e  e l e c t r o a e  r e a c t i o n s  a t  c o n s t a n t  p o t e n t i a l  

t r e a t s  r e a c t i o n s  under  s imul t aneous  c o n t r o l  by c h a r g e - t r a n s f e r  and m a s s - t r a n s f e r  
~ o l a r i z a t i o n . ( l - 5 )  
i n  e l e c t r o a e  p o t e n t i a l  from t h e  r e v e r s i b l e  p o t e n t i a l  t o  a new v a l u e  which i s  main- 
t a i n = c  by use  of a p o t e n t i o s t a t .  
by c i f f u s i o n  on ly ;  e x p e r i m e n t a l l y  t h i s  c o n d i t i o n  i s  c l o s e l y  approached by u s e  o f  
s h o r t  e l e c t r o l y s i s  t i m e ,  o f  u n s t i r r e d  s o l u t i o n s  t o  minimize convec t ion ,  and of 
l a r g e  e x c e s s  o f  suppor t ing  e l e c t r o l y t e  i n  t h e  s o l u t i o n  t o  minimize  m i g r a t i o n  of 
r e a c t i n g  i o n s  i n  t h e  a p p l i e d  f i e l d .  E l e c t r o d e s  o f  p l a n a r  geometry have been of  
q r e a t e s t  i n t e r e s t ,  (1 -4 )  a l t h o u g h  c y l i n d r i c a l  and s p n e r i c a l  e l e c t r o d e s  have a l s o  
been t r e a t e d .  (4,5) 

I t  p r e d i c t s  t h e  c u r r e n t - t i m e  cu rve  fo l lowing  an a b r u p t  change 

The t r e a t m e n t  assumes t h a t  mass t r a n s f e r  o c c u r s  

A i l  of t h e  p r e v i o u s  t h e o r y  h a s  been l i m i t e d  t o  f i r s t - o r d e r  c h a r g e - t r a n s f e r  
mechanisms wi th  t h e  f u r t h e r  r e s t r i c t i o n  t h a t  t h e  e l e c t r i c a l  work invo lved  i n  t h e  re- 
a c t i o n  o c c u r  on ly  d u r i n g  t h e  r a t e -de te rmin ing  s t e p .  The purpose  of t h i s  pape r  i s  t o  
e x t e n c  t h e  theofy  t o  h i g h e r - o r d e r  mechanisms, w i th  removal o f  t h e  r e s t r i c t i w  PI' +,*le 
e l e c t r i c a l  work involved .  The t r e a t m e n t  i s  f o r  c o n d i t i o n s  o f  p l a n a r  e l e c t r o d e  
gporretry,  mass  t r a n s f e r  on ly  by s e m i - i n f i n i t e  l i n e a r  d i f f u s i o n ,  and e x c e s s  suppor t -  
ing  e l e c t r o l y t e .  Approximate s o l u t i o n s  v a l i d  f o r  sma l l  c o n c e n t r a t i o n  changes  a r e  
d c r i v e a  i n  c losed  form. 

. 
The g e n e r a l  e l e c t r o d e  r e a c t i o n  i s  fo rmula t ed  c o n v e n t i o n a l l y  ( 6 , 7 )  a s  

+ - bz-n 

bBZ+ + XX + ne-  = yY + WW (1) 

The impor t an t  r e a c t i o n  s t e p s  i n  t h e  a n o d i c  d i r e c t i o n  a r e  

y Y + t W i r Q  

4 ir *Aa  -+ P 

P 2 - b B + x + f t  e) V 

,?here P and Q a r e  i n t e r m e d i a t e  s t a t e s  d e f i n i n g  t h e  r a t e - d e t e r m i n i n g  s t e p ,  and v i s  
t n e  s t o i c h i o m e t r i c  number. The t o t a l  number o f  e l e c t r o n s  (n/v) i nvo lved  i n  t h e  de-  
composi t ion  of one mole of t h e  anod ic  a c t i v a t e d  complex (*Aa) i s  p l aced  i n  b r a c e s  t o  
i n d i c a t e  t h a t  t h e  number of e l e c t r o n s  used  up  i n  forming t h e  i n t e r m e d i a t e s  P ,  *A o r  
G. i s  n o t  f i xeu .  E l e c t r i c a l  work done d u r i n g  fo rma t ion  of P from t h e  c a t h o d i c  re- 
a c t a n t s  w i l l  be r e p r e s e n t e d  by p ,  and t h a t  done i n  fo rma t ion  o f  Q from t h e  anod ic  
r e a c t a n t s  by q.  
p o s i t i v e )  i s  expressed  a s  c u r r e n t  d e n s i t y  by (8) 

The n e t  anod ic  r e a c t i o n  r a t e  a t  p o t e n t i a l  e ( o v e r p o t e n t i a l  tl 
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Here i 
v a t e d  gomplex, 
e.g. B ,  i s  desig- la ted ag  i n  t h e  s o l u t i o n  a t  t h e  e l e c t r o d e  s u r f a c e  and a i  i n  t h e  bulk. 
Q u a n t i t i e s  * f ,  p and q r e f e r  t o  t h e  r e a c t i o n  a t  t h e  a p p l i e d  p o t e n t i a l  e and may be 
t i m e  dependent ,  w h i l e  t h e  same q u a n t i t i e s  w i t h  s u b s c r i p t  r r e f e r  t o  t h e  r e a c t i o n  a t  
t h e  r e v e r s i b l e  e l e c t r o d e  p o t e n t i a l  er. 
c u r r e n t  d e n s i t y  i s  g i v e n  by 

i s  t h e  exchange c u r r e n t  d e n s i t y ,  * f  t h e  a c t i v i t y  c o e f f i c i e n t  of  t h e  a c t i -  
t h e  t r a n s f e r  c o e f f i c i e n t  and € E F/RT. The a c t i v i t y  of  a r e a c t a n t ,  

A t  t h e  T e v c r s i l i l e  p o t e n t i a l  t h e  exchange 

I 

(3) I 

where i i s  t h e  exchange c u r r e n t  d e n s i t y  a t  t h e  s t a n d a r d  e l e c t r o d e ; ( 7 )  q u a n t i t i e s  
p, and 8"also r e f e r  t o  t h e  s t a n d a r d  e l e c t r o d e .  E q u a t i o n s  ( 2 )  and 
a p p l i c a b z l i t y  with one l i m i t a t i o n ,  namely t h a t  t h e  a c t i v a t e d  
t h e  r e a c t a n t s  B and X i n  t h e  r a t i o  b/x, b u t  t h i s  l i m i t a t i o n  i s  e a s i l y  e l i m i n a t e d  when 
d e s i r e d  wi thout  i n t r o d u c t i o n  of any new p r i n c i p l e .  ( 6 , 7 )  

I t  i s  e v i d e n t  f rom Eq. (3) t h a t  t h e  r e a c t i o n  o r d e r ,  a s  c o n v e n t i o n a l l y  
de te rmined  from i i s  n o t  a s i m p l e  q u a n t i t y . ( 7 )  Thus f o r  s u b s t a n c e  B: 

0' 

 AS a g e n e r a l  r u l e ,  t h e r e f o r e ,  complex e l e c t r o d e  r e a c t i o n s  may fmt be d e s c r i b e d  a s  
be ing  o f  f i r s t  o r d e r ,  second o r d e r ,  e t c . ,  i n  t h e  u s u a l  manner o f  chernicr l  k i n e t i c s .  
I t  i s  e x p e d i e n t  f o r  t h e  t h e o r y  o f  combined charge-  and m a s s - t r a n s f e r  p o l a r i z a t i o n  
t o  d e s c r i b e  the r e a c t i o n  by a pseudoorder ,  which  we d e f i n e  here a s  s imply  t h e  expo- 
n e n t  of t h e  a c t i v i t y  r a t i o  i n  t h e  g e n e r a l  r a t e  e q u a t i o n  (Eq. 2).  Thus t h e  pseudo- 
o r d e r  o f  t h e  r e a c t i o n  i s  y/u w i t h  r e s p e c t  t o  Y ,  W/V w i t h  r e s p e c t  t o  W ,  e t c . ,  i f  each 
o f  t h e  r e a c t i n g  s u b s t a n c e s  undergoes  changes  i n  c o n c e n t r a t i o n  d u r i n g  t h e  r e a c t i o n .  
I f  one of t h e  s u b s t a n c e s  i n v o l v e d ,  e.g. W ,  e x h i b i t s  minute  f r a c  i o n a l  changes i n  con- 
c e n t r a t i o n  dur ing  t h e  e n t i r e  r e a c t i o n  p e r i o d ,  t h e  term ( a p $ ) w j v  becomes u n i t y  i n  
Eq. 2 and then  t h e  r e a c t i o n  becomes e f f e c t i v e l y  z e r o  pseu  o o r d e r  i n  W. 

For s i m p l i c i t y  w e  w i l l  f o r m u l a t e  t h e  e l e c t r o l y t e  t o  c o n t a i n  one o f  t h e  
c a t h o d i c  r e a c t a n t s ,  X ,  and one o f  t h e  a n o d i c  r e a c t a n t s ,  W, i n  s u f f i c i e n t l y  h i g h  con- 
c e n r r a t i o n  t h a t  t h e  r a t i o s  a /ao and "ai remain  e s s e n t i a l l y  u n i t y .  
w e w i l l  c o n s i d e r  o n l y  s h o r t  d a d i o n  times such  t h a t  a l l  c o n c e n t r a t i o n  changes  a t  t h e  
e l e c t r o d e  s u r f a c e  remain s m a l l .  From t h e  l a t t e r  c o n d i t i o n  p l u s  t h e  u s e  of e x c e s s  
s u p p o r t i n g  e l e c t r o l y t e ,  it may be assumed t h a t  * f  p f  i s  r e p l a c e a b l e  by u n i t y  and 
t h a t  c o n c e n t r a t i o n  r a t i o s  may be s u b s t i t u t e d  f o r  t h e  cor responding  a c t i v i t y  r a t i o s  
w i t h  n e g l i g i b l e  e f f e c t .  Then Eq. 2 c o n v e r t s  t o  

I n  a d d i t i o n ,  

'il 

\ '  

I 

I 

C 
I 

I: would be d e s i r a b l e  t o  o b t a i n  a n a l y t i c a l  s o l u t i o n s  of  t h e  d i f f u s i o n  
problem f o r  a c u r r e n t  o f  t h e  form g i v e n  i n  Eq. 5 b u t  one c a n n o t  a p p l y  t h e  method of 
L a p l a c e  t r a n s f o r m s .  
by l i n e a r i z i n g  Eq. 5 w i t h  r e s p e c t  t o  c o n c e n t r a t i o n s ,  so  t h a t  t h e  L a p l a c e  t r a n s f o m  

An a l t e r n a t i v e  approach  i s  t o  o b t a i n  an approximate  s o l u t i o n  
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method may be u t i l i z e d .  
t h e  sake  o f  b r e v i t y  we r e s t r i c t  o u r  o i s c u s s i o n  t o  c a s e s  f o r  which t h e  e l e c t r i c a l  
work o c c u r s  only  i n  t h e  r a t e -de te rmin ing  s t e p ,  so t h a t  p = p = q = q = 0.  ( I n  
g e n e r a l ,  p rovided  on ly  t h a t  p and q a r e  con t inuous  f u n c t i o n s  of tf;e c o n c e n t r a t i o n s ,  
Eq. 5 can always be  l i n e a r i z e d  w i t h  r e s p e c t  t o  c o n c e n t r a t i o n s .  The form of t h e  
approximate  s o l u t i o n  d o e s  n o t  change; however, t h e  c o e f f i c i e n t s  i nvo lved  become 

The l a t t e r  approach  w i l l  be  deve loped  i n  t h i s  pape r .  Fo r  

r 

somewhat more compl ica ted . )  I 

I t  i s  conven ien t  t o  i n t r o d u c e  t h e  f r a c t i o n a l -  changes  i n  c o n c e n t r a t i o n  a t  
t h e  e l e c t r o d e  su r face :  

( 6 )  
- 

uy = ( cy  - c y  UB = (CB - c p ;  Y 
Then, f o r  smal l  c o n c e n t r a t i o n  changes ,  

' and, i n  t h e  p r e s e n t  c a s e  (p=q=O), Eq. 5 becomes , 
I 
, wi th  

> 

and 
'\ 
\ 

(9 )  

? 
i 

5 
The d i f f u s i o n  oroblem: We c o n s i d e r  t h e  s e m i - i n f i n i t e  l i n e a r  d i f f u s i o n  o f  two 
s p e c i e s ,  B and Y ,  w i th  c o n c e n t r a t i o n s  c B ( x , t ) ,  c y ( x , t )  coupled  t o g e t h e r  a t  t h e  
e l e c t r o d e  s u r f a c e  xz0 by a g e n e r a l  c u r r e n t - c o n c e n t r a t i o n  r e l a t i o n s h i p  l i k e  t h a t  
of 5q. 5. 

i ( t )  = f (cg(oYt)Y c , (o , t ) )  (10 )  
I 

The d i f f u s i o n  e q u a t i o n s  f o r  cB and c a re  
Y 

a 2 cB acB a2cy acy 
a x  

) $  D B - - -  2 - a t  ; D~z= a t  ( 1 1  1 

where DB and Dy a r e  t h e  d i f f u s i o n  c o e f f i c i e n t s  of s u b s t a n c e s  B and Y.  
c o n d i t i o n s  a r e  cB = c: and c = co a t  t=O f o r  a l l  x. 

The i n i t i a l  
' The boundary c o n d i t i o n s  a r e  Y Y  
I 

( l j  c B +  c i  and cy + cy" a s  x + -  f o r  a l l  t (12) 

i 

1 
Wrlen t h e  c u r r e n t ,  i ( t ) ,  c o n t a i n s  n o n - l i n e a r  t e rms  i n  t h e  c o n c e n t r a t i o n s  

t h e  comple te  s o l u t i o n  t o  t h e  problem of Eq. 11-13 canno t  be  ob ta ined  by s t a n d a r d  
a n a l y t i c  t echn iques .  blowever, a u s e f u l  r e l a t i o n s h i p ,  v a l i d  f o r  any f u n c t i o n a l  
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depenc-nce of i ( t )  upon t h e  c o n c e n t r a t i o n s ,  can  be found by a p p l y i n g  t h e  Laplace  
t r a n s f o r m  t e c h n i q u e  t o  t q .  11-13 a s  t h e y  s tand .  

To o b t a i n  t h i s  r e l a t i o n s h i p  we r e q u i r e  only  t h a t  i ( t )  be some a r b i t r a r y  
( a n d ,  indeed ,  a t  t h i s  p o i n t  unknown) f u n c t i o n  of t h e  time whose Laplace  t r a n s f o r m  
e x i s t s .  Then a s t r a i g h t f o r w a r d  a p p l i c a t i o n  of t h e  Laplace  t r a n s f o r m  t e c h n i q u e  
y i e l d s  t h e  r e l a t i o n  

I - c3(x=0, t )  - c 0 

B - - . b j ?  ( 1 4 )  
c ( r 0 , t )  - co y Y Y 

The p r i n c i p a l  u t i l i t y  of  Eq.  1 4  i s  t h a t  it p e r m i t s  t h e  d i f f u s i o n  problem 
t o  b e  so lved  i n  t e r m s  of j u s t  one of t h e  components B and Y .  I n  t h e  a c t u a l  expres-  
s i o n  f o r  t h e  c u r r e n t  i n  t e r m s  of c o n c e n t r a t i o n s  a t  t h e  e l e c t r o d e  s u r f a c e  ( s e e  Eq.  
l a ) ,  we e l i m i n a t e  c ( z 0 , t )  by u s i n g  Eq.  1 4  and a r e  l e f t  w i t h  a d i f f u s i o n  problem 
f o r  component Y i n  which component B p l a y s  no p a r t  whatsoever .  B 

However, a l t h o u g h  Eq. 14 s i m p l i f i e s  t h e  d i f f u s i o n  problem t o  one involv ing  
t h e  a i f f u s i o n  o f  o n l y  one component ( Y ,  s a y ) ,  it d o e s  n o t  remove t h e  g e n e r a l l y  non- 
l i n e a r  dependence of c u r r e n t  on c o n c e n t r a t i o n ,  and r e c o u r s e  must be had e i t h e r  t o  
numer ica l  s o l u t i o n s  or t o  an  approximate  s o l u t i o n  based on t h e  l i n e a r i z e d  form of 
E;. 7.  

I n  t h i s  l i n e a r i z e d  form, and w i t h  component B e l i m i n a t e d  v i a  E q .  14, t h e  
d i f f u s i o n  problem i s  e x p r e s s e d  i n  terms of t h e  f r a c t i o n a l  change i n  c o n c e n t r a t i o n  
u f ( x , t ) ( E q .  6 )  a s  n 

a C U Y  au*  
D y z = a t  (15) 

u ( X , t - O )  = 0 , uy(x  -t m, t) .-+ 0 ( 1 6 )  
w i t h  

Y 

and t h e  c o n d i t i o n s  on t h e  c u r r e n t :  

7110 s o l u t i o n  o f  Eq.  15-17 i s  found by Laplace  t r a n s f o r m  t e c h n i q u e s  t o  be 

( 1 8 )  i = i ( t = O ) e x p ( h  2 t ) e r f c ( l  dt) 

-1 
=B ndDB] *[1 - e x p ( h 2 t ) e r f c ( A J t ) ]  

where 

uB h =  uY + 
( n/y ) Fc; *rDy (n/b)  F c i  J D B  

( 2 0 )  

(21)  



which, on s u b s t i t u t i n g  f o r  Uy and UB from Eq. 9,  becomes 

1 
T h i s  e q u a t i o n  and Eq.  18-20 r e d u c e  t o  t h e  c o r r e s p o n d i n g  e q u a t i o n s  f o r  f i r s t - o r d e r  
r s a c t i o n s  ( 2 , 4 )  when b+U=l.  

\ 
Thus t h e  approximate  s o l u t i o n  f o r  c h a r g e - t r a n s f e r  r e a c t i o n s  of h i g h e r  

o r d e r  h a s  t h e  same form a s  t h e  e x a c t  s o l u t i o n  f o r  s imple  f i r s t - o r d e r  r e a c t i o n s . ( 2 , 4 )  
The major  d i f f e r e n c e  l i e s  i n  t h e  q u a n t i t y  A. 
v a l u e  o f  t h e  more r a p i d l y  t h e  r e l a t i v e  c u r r e n t  i/i d e c r e a s e s  w i t h  time. The 
e v a l u a t i o n  of t h e  q u a n t i t i e s  h and i from an  e x p e r i m e n t a l  c u r r e n t - t i m e  
curve  can be c a r r i e d  o u t  u s i n g  methoA!?’)previously deve loped  f o r  s i m p l e  f i r s t - o r d e r  
r e a c t i o n s . ( 2 , 4 , 9 )  
e i t h e r  from measurement o f  t h e  a n o d i c  o r  c a t h o d i c  T 2 f e l  l i n e  i n  t h e  c a s e  of s low 

According t o  Eq. 18 t h e  l a r g e r  t h e  

The c h a r g e - t r a n s f e r  p a r a m e t e r s  i , p and V can t h e n  be found 

f o r  v a r y i n g  a c t i v i t y  of B o r  Y i n  t h e  c a s e  
( k 0 )  

r e a c t i o n s  o r  from measurements  of i 
of  f a s t e r  r e a c t i o n s .  

V a l i d i t v  of a m r o x i m a t e  s o l u t i o n :  
v a l i d  o n l y  f o r  smal l  changes  i n  c o n c e n t r a t i o n ;  i t s  u t i l i t y  is c h i e f l y  de te rmined  by 
t h e  range  o v e r  which it g i v e s  t h e  t r u e  c u r r e n t  t o  w i t h i n  an  a c c e p t a b l e  accuracy .  
I n  o r d e r  t o  t e s t  t h i s  we have developed  e x a c t  numer ica l  s o l u t i o n s  u s i n g  t h e  Schmidt 
method&). Some of  t h e s e  e x a c t  c u r r e n t - t i m e  c u r v e s  f o r  n e t  a n o d i c  r e a c t i o n s  a r e  
p r e s e n t e d  i n  F ig .  1: c u r v e  I r e f e r s  t o  a s i m p l e  f i r s t - o r d e r  r e a c t i o n  f o r  which 
b/v = y/v = n/v = 1; c u r v e  I1 r e f e r s  t o  a r e a c t i o n  second pseudoorder  i n  t h e  anodic  
r e a c t a n t  Y w i t h  y/v = n/v = 2 and b/v = 1; c u r v e  I11 r e f e r s  t o  a r e a c t i o n  t h i r d  
pseudoorder  i n  Y ,  w i t h  y/v = n/v = 3. The se t  of  numer ica l  d a t a  used h e r e  i s  t h e  
same a s  i n  t h e  g r e v i o u s  pa e r : ( 4 )  i = 5 x 10-3 A/cm2 a t  25OC, p = 0.5, 9 = 0.01OOV; 
cy = lom5 and cB = 5 x 10-g mole/ cg3; Dy = and DB = 2 x cm2/s. Fig.  1 

shows t h a t ,  a s  t h e  r e a c t i o n  pseudoorder  i n  Y i s  i n c r e a s e d ,  t h e  c u r r e n t  f a l l s  more 
r a p i d l y  w i t h  t ime.  

The approximate  s o l u t i o n  g i v e n  by Eq. 18-21 i s  

0 

The approximate  and e x a c t  s o l u t i o n s  f o r  r e a c t i o n s  of  second pseudoorder  
i n  Y a r e  shown-in F ig .  2 f o r  v a r i o u s  v a l u e s  of  t h e  t r a n s f e r  c o e f f i c i e n t  p ;  e x c e p t  
f o r  p t h e  set  o f  numer ica l  d a t a  employed i s  t h e  b a s i c  se t  used  f o r  F ig .  1. I t  i s  
seen  t h a t  i n  every  c a s e  t h e  approximate  s o l u t i o n  f o r  t h e  c u r r e n t  d e c r e a s e s  more 
r a p i d l y  w i t h  t i m e  t h a n  d o e s  t h e  t r u e  c u r r e n t .  

o v e r  which Eq. 18 g i v e s  
s a t i s f a c t o r y  agreement  w i t h  t h e  true c u r r e n t  by t h e  p o 4 E 0 ) a t  which t h e  approximate  
s o l u t i o n  d e v i a t e s  by 5% from t h e  t r u e  c u r r e n t .  
v e r t i c a l  b a r s  i n  Fig.  2; t h e  approximate  s o l u t i o n  i s  a c c e p t a b l y  a c c u r a t e  down t o  
i / i ( k o )  = 0.45, independent  of t h e  v a l u e  of  p.  
emphas ized , the  r e a c t i o n  k i n e t i c s  a r e  p r i m a r i l y  d i f f u s i o n  c o n t r o l l e d  below i/i 
0.5. 
a c c u r a t e  o v e r  t h e  e n t i r e  r a n g e  i n  i/i (ko)  from which i n f o r m a t i o n  a b o u t  t h e  c h a r g e -  
t r a n s f e r  parameters  can  be o b t a i n e d .  

For a r e a c t i o n  t h i r d  p s e u d o o r d e r  i n  t h e  a n o d i c  r e a c t a n t  Y t h e  approximate  
and e x a c t  s o l u t i o n s  a r e  compared i n  Fig.  3. 
used f o r  Fig. 1, w i t h  p = 0.5 and y = 3. 
which a c c e p t a b l e  agreement  i s  found i s  s h o r t e r  t h a n  t h a t  f o r  t h e  s i m i l a r ( t = O ) s e c o n d  
pseudoorder  r e a c t i o n :  t h e  p o i n t  of 5% d e v i a t i o n  o c c u r s  a t  i/i (+,-o) 

We have chosen  t o  d e s i g n a t e  t h e  r a n g e  i n  i/i 

These  p o i n t s  a r e  i n d i c a t e d  by 

As Oldham and Osteryoung ( 9 )  have 
= 

Thus, i n  t h i s  case, t h e  approximate  s o l u t i o n  (eq. 18) i s  a c c e p t a b l y  

The numer ica l  d a t a  are t h e  b a s i c  set  
The r a n g e  i n  i/i o v e r  

0.6. 
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Tne agreement  t o  b e  expec ted  f o r  somewhat s l o w e r  r e a c t i o n s  i s  shown i n  
F i g .  4. Here the  b a s i c  c a t a  s e t  was v a r i e d  by i n c r e a s i n g  t h e  a n o d i c  o v e r p o t e n t i a l  
t o  y = 0.1 V and d e c r e a s i n g  t h e  exchange c u r r e n t  d e n s i t y  t o  i 
l imits  of  a c c e p t a b l e  agreement  a r e  i n d i c a t e d  by v e r t i c a l  b a r s ?  
p o i n t  of  5% d e v i a t i o n  o c c u r s  a t  i/i 
d e n t  of  t h e  v a l u e  of t h e  t r a n s f e r  (k0) c o e f f i c i e n t  p .  

= A/cm2. The 

- 0.61 and i s  a g a i n  e s s e n t i a l l y  indepen-  
I n  t h i s  c a s e  t h e  

I Thus f a r  we have examined o n l y  n e t  a n o d i c  r e a c t i o n s  i n  which t h e  h i g h e r  
pseudoorder  component was t h e  anodic  r e a c t a n t  ( Y ) .  
d i s p a r i t y  of t h e  e x p o n e n t i a l  f a c t o r s  i n  Eq. 5, t h e  c u r r e n t  i s  predominant ly  con- 
t r o l l e d  by t h e  h i g h e r  p s e u d o o r d e r  component, t h i s  predominance becoming g r e a t e r  
t h e  g r e a t e r  t h e  o v e r p o t e n t i a l .  T h i s  i s  t h e  r e a s o n  f o r  t h e  p o o r e r  agreement  shown 
i n  Fig.  4 ( 7  = 0.1V) t h a n  i n  Fig.  2 ( 7  = 0.01V). 

I n  t h e s e  c a s e s ,  because o f  t h e  

The agreement  between t h e  approximate  and e x a c t  numer ica l  s o l u t i o n s  i m -  
p r o y e s  d r a m a t i c a l l y  when t h e  c o n t r o l l i n g  r e a c t a n t  i s  t h e  f i r s t  o r d e r  r e a c t a n t  ( f o r  
example,  a n e t  anodic  r e a c t i o n  i n  which t h e  h i g h e r  pseudoorder  component i s  t h e  
c a t h o d i c  r e a c t a n t  ( 9 ) ) .  T h i s  i s  i l l u s t r a t e d  i n  t h e  a n o d i c  c u r r e n t - t i m e  c u r v e s  of 
F ig .  5, f o r  which t h e  v a l u e s  of t e m p e r a t u r e ,  d i f f u s i v i t i e s  and i n i t i a l  c o n c e n t r a -  
t i o n s  a r e  t h o s e  of  t h e  b a s i c  d a t a  s e t .  Curve 11, f o r  which t h e  c a t h o d i c  r e a c t a n t  
(B)  i s  second pseudoorder  w h i l e  t h e  anodic  r e a c t a n t  ( Y )  i s  f i r s t  o r d e r ,  shows no 
measurable  d e v i a t i o n  between t h e  approximate  and e x a c t  s o l u t i o n s  down t o  i/i 
0.2. (t=O)< 

These  examples  s u g g e s t  some g e n e r a l  r u l e s  a b o u t  t h e  range  of v a l i d i t y  of 
t h e  approximate  s o l u t i o n :  

(1) The r a n g e  of  v a l i d i t y  d e c r e a s e s  when t h e  pseudoorder  of e i t h e r  com- 

( 2 )  The 
ponent  i s  i n c r e a s e d .  

c u r r e n t  i s  predominant ly  c o n t r o l l e d  by t h e  component of  lower  pseudoorder .  I f ,  f o r  
example,  t h e  h i g h e r  o r d e r  component i s  t h e  c a t h o d i c  component t h e n  a n e t  a n o d i c  
r e a c t i o n  is  d e s i r a b l e .  

( 3 )  If r u l e  ( 2 )  h a s  been complied w i t h  t h e r e  i s  a n  advantage  i n  working 
a t  t h e  h i g h e s t  f e a s i b l e  o v e r p o t e n t i a l s .  I f  n o t ,  t h e  a d v a n t a g e  is o b t a i n e d  by 
working a t  t h e  lowes t  f e a s i b l e  o v e r p o t e n t i a l s .  

c o e f f i c i e n t  p. 

Re f e r e n c e  s t 

1. 

2. 
3. 
4. C. A. Johnson and S. B a r n a r t t ,  t o  be p u b l i s h e d .  
5. 
6 .  R. P a r s o n s ,  Trans .  Faraday  SOC. 47, 1332 (1951) .  
7. S. B a r n a r t t ,  J. Phys. Chem. 70, 412 (1966) .  
9. 

10, 
8. S. B a r n a r t t ,  E l e c t r o c h i m i c a  Acta 1, 1531 E 9 6 6 ) .  

range  of  v a l i d i t y  i s  extended g r e a t l y  by e n s u r i n g  t h a t  t h e  

(4) The r a n g e  of  v a l i d i t y  i s  i n s e n s i t i v e  t o  t h e  v a l u e  of  t h e  t r a n s f e r  

P. Delahay,  "New I n s t r u m e n t a l  Methods i n  E l e c t r o c h e m i s t r y " ,  I n t e r s c i e n c e  Pub- 
l i s h e r s ,  N e w  York, N.Y. (1954) .  
H. G e r i s c h e r  and W. V i e l s t i c h ,  Z. phys ik .  Chem., N.F. 3, 1 6  (1955) .  
P. Delahay,  Advances Elec t rdchem.  E l e c t r o c h e m i c a l  Eng. L, 233 (1961) .  

I .  S h a i n ,  K.  J. M a r t i n  and J. W. Ross, J. Phys. Chem. a, 259 (1961) .  

K.  B. Oldham and R. A. Os te ryoung,  J. E l e c t r o a n a l .  Chem. u, 397 (1966) .  
J. C. J a e g e r ,  Proc.  Cambridge P h i l .  SOC. 46 ,  634 (1950) .  



Ili 

0.2 - - 

FIG. 5--kNODlC CURRENT-TIME CURVES FOR REACTIONS OF PSEUDOORDER TWO WITH RESPECT TO 
ANODIC REACTANT Y (CURVES 1,III) OR CATHODIC REACTANT B (CURVEI I ) .  
CURVE -- EXACT NUMERICAL SOLUTION. DOTTED CURVE--SOLUTION OF LINEARIZED PROBLEM. 
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FIG. 3 CURRLNT.TIMt BEHAVIOR FOR REACTION Cf PSEUDOORDER THREE 
WITH RESPECI TO Y .  CURVE I-WAC1 NUMRICAL SOLUTION: 
2-SOLUTION Of LINEARIZED PROBLEM. 
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FIG. 4- EFFECT OF B ON ANODIC RARENT-TIYE CURVES FOR REACTION OF PSEUDLWRDER TWO WITH 
RESPECT TO ANODIC REACTANT 1. SOLID CURVES--EXACT NUYERICAL SOLUTION. DOTTED 
CURVES - -  50LUTION OF LINEARIZED PROBLEM. 
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FIG I EXACT CURREM-TIME BEHAVIW FOR SELECTED EECTRODE 
REACTIONS o( PSEUDOORDER OM ICURVE 11. TWO Ill) OR 
THREE I I I I I  wiin RESPECT TO SUBSTANCE Y. 
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FIG.2--EFFECT ff 8 ON ANOOIC CURRENT-TIME ORVES FOR R E K T l o l  OF 
PSEUDOQK~ER TWO WTII RLSPECT m MOIC REACTAIT I. 'SOLID 
CURVES- EXACT NUMERICAL SDCUTION. WTTED CURVES- SOLUTION 
ff LIIIEARIZEO PROBLEM. 


